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ImRODUCTION 

The present  emphasis on t h e  conversion of c o a l  t o  s u b s t i t u t e  pet-  
roleum f u e l s  has  led  t o  severa l  a l t e r n a t i v e  processes  which a r e  
now being inves t iga ted .  

Among the many processes  being considered is t h e  so lvent  r e f i n i n g  
of coa l  (SRC) i n  which coal  is t r e a t e d  a t  an e leva ted  temperature 
i n  the  presence of 3 hydrogen-donor so lvent  a ? d  hydrogen gas  t o  
lower the  su l fu r  content  of t h e  coal, remove t h e  mineral  mat ter ,  
and convert it i n t o  a low melt ing s o l i d  which can be so lub i l i zed  
i n  simple organic  so lvents .  The work repor ted  here i s  concerned 
with developing a fundamental understanding of the chemistry of 
t h i s  process. 

L i t t l e  i s  known a t  present  a s  t o  the  exac t  mechanisms by  which t h e  
c o a l  i s  transformed i n t o  soluble  form, t h e  d e t a i l e d  chemical s t ruc-  
t u r e  of t h e  so luble  product, or even of t he  pa ren t  c o a l -  I t  i s  
known t h a t  many coa l s  a r e  e a s i l y  so lub i l i zed  and o the r s  a r e  more 
d i f f i c u l t  (1) . 
A common means of f r a c t i o n a t i o n  and cha rac t e r i za t ion  of SRC pro- 
duc ts  i s  through solvent  ex t r ac t ion .  The major c l a s s i f i c a t i o n s  
r e fe r r ed  t o  include o i l s  (hexane so luble  compounds) , asphal tenes  
(benzene soluble-hexane inso luble  compounds) , and l e s s  so luble  m a -  
t e r i a l s  (pyr id ine  soluble-benzene inso luble  compounds). Of these ,  
t h e  asphal tenes  and pyridine soluble-benzene in so lub le  ma te r i a l s  
a r e  be l ieved  to be respons ib le  f o r  high v i s c o s i t y ,  so lvent  incom- 
p a t i b i l i t y ,  and processing d i f f i c u l t i e s .  

Often the  ex ten t  of coa l  conversion is measured i n  t e r m s  of the  
s o l u b i l i t y  c h a r a c t e r i s t i c s  of t he  product ,  and mechanisms f o r  c o a l  
conversion involving such c l a s s i f i c a t i o n s  have been proposed ( 2 - 4 ) .  
The reported mechanisms conclude t h a t  asphal tenes  a re  a necessary 
product of c o a l  conversion and Ylat t hey  a r e  t h e  primary precur- 
so r s  of o i l s  (2-4). 

Some recent  work has  been reported (5-8) on f u r t h e r  f r a c t i o n a t i o n  
and cha rac t e r i za t ion  of SRC products .  However, t h e  major emphasis 
has  pr imar i ly  concerned o i l s  and asphal tenes .  We w i l l  show t h a t  
a t  low conversions of coa l ,  t h e  concent ra t ion  of benzene inso luble  
compounds can amount t o  70-800/, of the  t o t a l  SRC. and the re fo re  these  
a re  of g rea t  importance i n  understanding t h e  mechanisms of coa l  con- 
vers ion - 
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EXPERIMENTAL 

The molecular weights and elemental  analyses of var ious coa l  pro- 
duc ts  were determined by Galbra i th  Laborator ies ,  Inc . ,  Knoxville, 
Tennessee, and Spang Microanalyt ical  Laboratory, Ann Arbor, 
Michigan. 

The I R  spec t ra  w e r e  measured on a Perkin-Elmer 237B g ra t ing  in f r a -  
red  spectrophotometer. The NMR spec t r a  were-measured on a Varian 
A-60 spectrophotometer f o r  H-NMR; 13C NMR were determined using a 
Varian XL-100 spectrophotometer by G. Mateescu of  Case Western 
Reserve Universi ty ,  a Varian CFT-20 spectrophotometer by  G.  Gray 
a t  Varian, and a JEOL FX-60 spectrophotometer by R. H. Obenhauf of 
JEOL. 

____ A-duPont--95O-thermogravimetric analyzer  -waZ-usKd t o d 6 t e S i n e  t h r  
weight vs. temperature p r o f i l e  of c o a l s  and c o a l  products .  Polaro- 
graphic  reduct ions w e r e  performed by E .  Rogers of the  Department 
of Aerospace and Mechanics, Pr inceton Univers i ty .  The apparatus 
used was the Princeton Applied Research (PAR) Model 174 Polarographic 
Analyzer, using a dropping mercury e lec t rode  i n  t h e  d i f f e r e n t i a l  
pu l se  mode. 

A l l  ex t r ac t ions  w e r e  performed using a Soxhlet ex t r ac t ion  apparatus  
with cont ro l led  N2 o r  Argon atmosphere. 
and ex t r ac t ions  w e r e  c a r r i e d  t o  exhaustion (genera l ly  -17 hr . )  . 

Paper thimbles  were used 

The conversion apparatus  has  been descr ibed i n  d e t a i l  elsewhere 
(10.11) .  Br i e f ly ,  it c o n s i s t s  of a s t i r r e d  ba t ch  autoclave i n  
which solvent  i s  hea ted  t o  r eac t ion  temperature. A 1:l coal :  sol- 
vent  s lu r ry  is then in j ec t ed .  T o  quench, water under pressure i s  
forced  through a cool ing  c o i l  i n  d i r e c t  contac t  w i t h  t h e  ves se l  con- 
t e n t s .  Conversion t i m e s  as shor t  a s  0.5 min. a t  r eac t ion  tempera- 
t u r e  a r e  rou t ine ly  achieved. 

The synthe t ic  solvent  has  a l s o  been descr ibed i n  d e t a i l  elsewhere 
(10.11) .  I t  i s  -2% 4-picol ine,  17’’ q-creso l ,  43% t e t r a l i n ,  and 38% 
2 -methy 1 - t e t  r a 1 in .  

RESULTS AND DISCUSSION 

In- order  t o  obta in  a fundamental understanding of t h e  chemical na ture  
of coa l  and the  organic  mechanisms involved i n  i t s  conversion t o  
so luble  form, w e  f e l t  it necessary t o  develop a method of _chemical 
f r ac t iona t ion  of t h e  whole SRC.  

The use of e x t r a c t i o n  ( t o  separa te  the  pentane so luble  and benzene 
so luble  f r ac t ions )  has  a very l i m i t e d .  u t i l i t y  from a fundamental 
cheinical s tandpoint .  The s o l u b i l i t y  of d i f f e r e n t  substances i s  not  
only a funct ion of t h e  molecular weiqht, carbon-hydrogen ske le ton ,  
and chemical f u n c t i o n a l i t y ,  bu t  a l s o  dapends on i n t e r a c t i o n s  with 
o the r  soluble  spec ies  which can a c t  a s  =solvents .  Therefore, t h e  
same compound can appear as “ o i l ”  or  a s  “asphal tene ,  “ depending upon 
t h e  presense o r  absence of o ther  spec ies  i n  c o a l  l i qu ids .  Even i n  
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very Careful ly  performed ex t r ac t ions  o r  p r e c i p i t a t i o n s ,  some pro- 
duc ts  w i l l  o f ten  be d i s t r i b u t e d  between e x t r a c t  and r e s idue  be- 
cause of l imi ted  s o l u b i l i t y .  

Accordingly, a l i q u i d  chromatographic srocedure f o r  chemical f r ac -  
t iona t ion  of SRC was developed. This  nethod, which w e  r e f e r  t o  
a s  SESC, uses  s i l i c a  a s  the  s ta t ionar2-  phase, and i s  descr ibed  
elsewhere ( 9 , l O ) .  T o  t h e  bes t  of our ?resent understanding, t he  
e lu t ion  so lvents ,  the  r e s u l t a n t  chemical c l a s s e s  obtained wi th  t h i s  
method, and t h e  r e l a t ionsh ips  between t h e  f r a c t i o n a t i o n  s o l u b i l i t y  
c l a s s i f i c a t i o n s , a r e  shown in Figure 1. As can be seen, asphal tenes  
a re  pr imar i ly  monofunctional compounds, and o i l s  conta in  appreciable  
amounts of non-hydrocarbons (pr imar i ly  e t h e r s  and t h i o e t h e r s ) .  

The benzene inso luble  mater ia l s ,  although less completely def ined,  
a r e  c l e a r l y  d is t inguished  from asphalrenes and o i l s  by a higher  de- 
gree of func t iona l i t y .  Our  prelimL?F-y evidence ind ica t e s  t h a t  
t h i s  higher func t iona l i t y  is primariL3- i n  the forin of more -OH 
groups per  molecule, a s  w i l l  be discussed later.  Accordingly, w e  

'propose the name asphal% f o r  t h i s  c l a s s  of compounds, and w i l l  
r e f e r  t o  them a s  such i n  t h i s  r epor t .  

I t  is commonly be l ieved  t h a t  i n  order  t o  convert  coa l  eventua l ly  
t o  o i l s ,  a sequence of r eac t ions  must occur w i t h  increas ing  he te r -  
atom removal a t  each s tage  of t he  seq2ence. A genera l ized  scheme, 
including d e f i n i t i o n s  of terms used i? t h i s  r e p o r t  and approximate 
heteroatom content  a t  var ious s t ages  of conversion, i s  ou t l ined  
below: 

Coal - Inso luble  - Pyridine - Benzene - Hexane 
So l ids  Soluble Soluble  Soluble  

Compounds Compounds Compounds 

Terms Residues Asphal tols  Asphaltenes O i l s  
& Char 

Hetero- >lo% res. 5-1077 
atom 1-10% ch5r 
Content 

- 2% 1% or less 

I f  one assumes a sequent ia l  r eac t ion  ~f coa l  - asphal tene  - o i l ,  
then a k i n e t i c  descr ip t ion  of t h e  prcFress  of t h e  r eac t ion  can be 
obtained by p l o t t i n g  the  composition of t h e  so lub le  product v s -  t h e  
y i e l d  of t o t a l  soluble  product. E a r l i e r  r e p o r t s  (2-4) ind ica ted  tha t  
asphal tenes  were primary products frc- coa l ,  and indeed i f  t h e  re- 
ported da t a  a re  p l o t t e d  i n  t h i s  way, <?is assuinption appears t o  be 
va l id  (see Figure 2 ) .  These da t a ,  hc-..;ever, w e r e  obtained i n  the  &- 
sence of any hydrogen donor so!.vent. 

Since asphal to ls  were not  accounted fcr i n  t h e  repor ted  k i n e t i c  
s tud ie s  (2-4), w e  conducted f o r  comparison a series of coa l  conver: 
s ions  using West Kentucky 9,14 coa l  using procedures  prev ious ly  de- 
scr ibed (10,11). The r e s u l t s  shown >slow i n d i c a t e  t h a t  a t  low c o a l  
conversion l eve l s ,  asphal to ls  a r e  tha ?redominant products .  
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Run 

Reaction T h e  (min.) 

% 0 i n  SRC 

wt. %Hexane Soluble 
(oils)  

w t .  % Benzene Soluble 
(asphaltenes) 

w t .  % Benzene Inso luhle  
( a sph a1 t o  1 s ) 

wt. % SRC Yield 

wt.  % Conversion t o  
so luble  form 

Extract 

0 

9.47 

8 .3  

11 .7  

90.0 

28.0 

28.0 

9 

1 .3  

7.25 

5 . 1  

8 . 6  

86.3 

76.1 

7 8 . 2  

- 10 
0.5 

6.68 

7 .1  

13.5 

79.3 

46.8 

50.0 

7 

40 

5.15 

10.3 

18.8 

70.8 

73.2 

93.0 

1 2  - 
417 

2.93 

32.1 

28.4 

39.5 

61.1 

96.1 

When these da t a  a r e  p l o t t e d  i n  t h e  above descr ibed  manner (Figure 
3!, it can be seen tha t  the  commonly accepted sequen t i a l  descrip- 
t i o n  f o r  t h e  conversion of c o a l  t o  o i l s  through asphaltenes appears 
no t  t o  be opera t ive  when hydrogen donor so lven t s  are present .  A 
more correct i n t e r p r e t a t i o n  of t h e  conversions involved appears t o  
be t h a t  a spha l to l s  a r e  predominant, primary products  (some asphal- 
tenes and o i l s  are formed i n  p a r a l l e l  from t h e  c o a l ) ,  and t h e  as- 
p h a l t o l s  are then  converted i n  a p a r a l l e l  fash ion  t o  asphaltenes and 
o i l s ,  w i t h  a small  p reference  f o r  t he  formation of o i l s .  

E a r l y  i n  t h e  conversion process  (‘5 min.) w e  f i n d ,  by  g e l  permeation 
chromatography, t h a t  the  product i n  so lu t ion  may be up t o  40”/0 high 
molecular weight (S2,OOO MW) o r  very s t rong ly  a s soc ia t ed  molecules. 
These high molecular weight spec ies  would be c l a s s i f i e d  a s  asphal to ls  
and a re  found i n  f r a c t i o n s  9 and 10 of  our f r a c t i o n a t i o n  procedure 
(SESC) . The r e l a t i v e  concent ra t ion  of t h i s  material then  r ap id ly  
dec l ines ,  producing m a t e r i a l  i n  t h e  300-900 MW range. I n  coal ex- 
t r a c t i o n s ,  t h i s  ma te r i a l  i s  i n  the T W  i n so lub le ,  pyr id ine  so luble  
por t ions .  T y p i c a l  r e s u l t s  f o r  the conversion of  Wyodak coa l  a t  800’F 
i n  H2 and our syn the t i c  so lvent  a r e  shown b e l o w :  

Time, min. 

1.20 
3.60 
6.00 

19.50 
38.00 
74.00 

137.50 

W t .  % of Oriq ina l  Coal 
Low High 

Molecular Molecular 
W e  i q h t  Weiqht To ta l  

16.86 10.97 27.80 
15.41 6.13 21.53 
44.32 8.48 52.80 
44.99 6.70 51.69 
65.77 6.87 72.64 
66.45 4.79 71.24 
70.54 4.03 74.57 

Because of t h e  predominance of a spha l to l s  dur ing  the  i n i t i a l  s tages  
of coa l  conversion, we have begun d e t a i l e d  chemical cha rac t e r i za t ion  
of these  mater ia ls  a s  we l l  as k i n e t i c  and mechanistic s t u d i e s  on 
t h e i r  conversion under t y p i c a l  so lvent  r e f i n i n g  condi t ions .  
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I so l a t ion  of t h e  ma te r i a l s  was accomplished by p repa ra t ive  SESC 
or s e l ec t ive  ex t r ac t ions .  Three SRC ' s produced i n  p i l o t  p l a n t s  
were s tudied;  I l l i n o i s  #6 and W e s t  Kentucky 9.14 S R C ' s ,  produced 
by the  p i l o t  p l a n t  operated by Cata lyc ic ,  Inc . ,  f o r  Southern 
S e r v i c e s ,  Inc.  a t  Wilsonvi l le ,  Alabanz, and Wyodak SRC, produced 
by Hydrocarbon Research, Inc .  i n  TreEzon. New Jersey .  The q u a n t i t y  
of the  f r a c t i o n s  i so l a t ed ,  t h e i r  corresponding elemental  analyses  
and molecular weights are shown in  F iqures  1 and 2 ,  f o r  West Ken- 
tucky and Wyodak, respec t ive ly .  The z q e r i c a l  formulae f o r  var ious 
f r ac t ions  are a l s o  shown. 

W e  have developed semiquant i ta t ive c o r r e l a t i o n s  between the SESC 
f r ac t iona t ion  and s o l u b i l i t y  c l a s s i f i c a t i o n  a s  shown i n  the  tables. 
An i n t e r e s t i n g  consequence i s  t he  f a c t  t h a t  t h e  p a r t i t i o n i n g  of a 
given SESC f r a c t i o n  i n t o  e i t h e r  benzene so luble  or benzene insolu-  
b l e  mater ia l  i s  a funct ion of t h e  o r i q i n a l  coa l  a s  w e l l  a s  t h e  
degree of conversion. For example, wlrh West Kentucky SRC, Oi l s  
cons t i t u t e  SESC f r a c t i o n s  1, 2 and 1/2 of f r a c t i o n  3 .  Asphaltenes 
cons t i t u t e  1/2 of f r a c t i o n  3 ,  f r a c t i o n  4, and 1/2 of f r a c t i o n  5. 
With Wyodak SRC, f r a c t i o n  5 i s  complek ly  benzene inso luble .  

I n  comparing t h e  composition of t he  v a i o u s  f r a c t i o n s ,  it can be  
seen t h a t  W e s t  Kentucky SRC f r a c t i o n s  have h igher  molecular weights 
fo r  asphal to ls  than f o r  o i l s  o r  a s p h c t e n e s ;  however, with Wyodak 
SRC the  molecular weights a re  approxiza te ly  t h e  same. With both 
S R C ' s  t h e  a spha l to l s  have >3 oxygen azoms per  molecule, i nd ica t ing  
a high degree of func t iona l i t y .  
creasing f r a c t i o n  number can be seen 3y  in f r a red  spectroscopy as 
shown i n  Figure 4. 

T o  gain understanding as t o  the  type of molecules t h a t  can be found 
in the  var ious asphal t01 f r ac t ions ,  !,-e have conducted SESC analyses 
of a number of model compounds, and have t abu la t ed  below i n  which 
f r ac t ion  they appeared: 

An i zc reas ing  -OH conten t  w i t h  in -  

Frac t ion  5 - Basic Nitroqen and D i  and T r i  
Funct ional  Oxyqen 

Chrysin 
J u l o l i d i n e  
N,N'-di- (2-naphthyl)-p-ghenylene diamine 
Naphthof lavone 
Vera t r ine  (mix of a lka lo ids )*  
Anthrarobin 

Frac t ion  6 - Polyfunct ional  
8-hydroxyquinoline 
Rutin 
nicotinamide 

Frac t ion  7 - Polyfunct ional  
(No models could be f o * ~ n d )  

Frac t ion  8 - Polyfunct ional  

6,13 dihydrodibenzopheoezine 
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Frac t ion  9 - Polyfunctional 

Vera t r ine  (mix of a lka lo ids)  * 
Phenolphthalein 

* Alkaloids were found i n  both f r a c t i o n s  5 and 9. 

A l l  model compounds occurr ing i n  these  f r a c t i o n s  have mul t ip le  
f u n c t i o n a l i t y .  

The aromatic content  of t h e  various SZSC f r a c t i o n s  a r e  shown i n  
Table 3 .  A general  t rend  appears t o  be t h a t  t h e  a s p h a l t o l s  have 
l e s s  aromatic hydrogen and aromatic carbon than t h e  l e s s  funct ional  
mater ia l s ,  and more c l o s e l y  resemble t h e  composition of t h e  parent  
c o a l  (12). 

It should be noted a l s o  t h a t  polarographic a n a l y s i s  of a s p h a l t o l s  
i n d i c a t e s  t h a t  t h e  number of con2ensed aromatic r i n g s  ( m o r e  than 
2 r i n g s )  is q u i t e  small .  

A dis t inguish ing  c h a r a c t e r i s t i c  of asphal to ls  a s  compared t o  as- 
pha l tenes  or o i l s  i s  t h e i r  behavior on p y r o l y s i s  i n  i n e r t  atmos- 
pheres .  I n  Figure 5 it can be seen t h a t  a s p h a l t o l s  y i e l d  up t o  80"b 
char  on pyro lys i s  i n  i n e r t  atmosphere. This char  formation occurs 
i n  t h e  temperature regime of coa l  l iquefac t ion  and could w e l l  con- 
t r i b u t e  to high coke make during SRC processing. Attempted dupli-  
c a t i o n  of t h i s  behavior with model compounds ind ica ted  t h a t  increas- 
i n g  char formation tendency p a r a l l e l e d  increas ing  -OH content ;  how- 
e v e r ,  no model compounds could be found t h a t  could produce char a t  
t h e  magnitude found f o r  asphal to ls .  

Based on t h e  above information,  a formal average s t r u c t u r e  f o r  W e s t  
Kentucky asphal t01 (SESC 8) can be constructed as shown i n  Figure 
6. S t ruc tures  of t h i s  type can e a s i l y  aromatize,  with e l imina t ion  
of H or  through s k e l e t a l  rearrangement. I f  one at tempts  a s i m i l a r  
t reatment  of t h e  d a t a  f o r  Wyodak asphal to ls ,  a much more condensed 
polycycl ic  a l i p h a t i c  s t r u c t u r e  mus t  be proposed. The s t r u c t u r e  of 
all f r a c t i o n s  of SRC change with increased s e v e r i t y  of  c o a l  conver- 
s ion .  The products g e n e r a l l y  increase i n  both t o t a l  aromatic and 
h ighly  condensed aromatic r i n g  contents :  H/C ra t io  and t o t a l  hydrogen 
contents  decrease (11). 

T o  gain ins ight  i n t o  t h e  chemistry and r e a c t i v i t y  of these  h ighly  
func t iona l  mater ia l s ,  s e v e r a l  f r a c t i o n s  or  concent ra tes  were con- 
ver ted  under t y p i c a l  SRC processing condi t ions,  and t h e  products 
analyzed. The r e s u l t s  a re  presentei! i n  Table 4. It  can be seen 
t h a t  asphal to ls ,  r e l a t i v e  t o  asphaltenes,  tend t o  produce l e s s  o i l  
and more pyr id ine  inso lubles  (char) and consume less hydrogen, b u t  
an important observat ion i s  t h a t  both asphal tenes  and asphal to ls  
produce c l a s s e s  of products.  Hydrogen consumption appears t o  
c o r r e l a t e  with t h e  production of o i l s  and solvent-range mater ia l ,  
n o t  gases. 
t i o n a l  runs,  not  shown here.  

In  conclusion, we would l i k e  t o  reemphasize t h e  importance of asphal- 
t o l s  i n  the i n i t i a l  s t a q e s  of coal  l iquefac t ion .  Their propensi ty  

These genera l  observat ions have been confirmed by addi- 
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toward char formation a t  temperatures comparable t o  l iquefac t ion  
temperatures, t h e i r  high degree of f u n c t i o n a l i t y ,  and the  f a c t  
t h a t  they a re  the  predominant, primary products  of coa l ,  i nd ica t e  
t h a t  much valuable  information which could r e l a t e  to  cr i t ical i t ies  
i n  the  SRC process  could be obtained by a more thorough understand- 
ing of t h e i r  chemistry and s t ruc ture .  
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Figure 6 
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